Analyses of liquefaction-induced lateral spreading during earthquakes often contain simplifying assumptions about the stratigraphy of a site (i.e., selecting representative cross sections and properties), which can be a major source of uncertainty in the estimated deformations. This paper examines the potential for liquefaction-induced lateral spreading in a deposit of interbedded sand and clay using nonlinear deformation analyses. The soil is modeled as a binary mix with varying percentages of potentially liquefiable sand and non-liquefiable clay. The location of each soil type is represented through different realizations of interbedded stratigraphy generated using a probabilistic geologic model and a correlation structure consistent with natural fluvial deposition. The procedures used to generate these realizations and perform the dynamic numerical simulations are described. Different distributions of sand and clay are examined to determine how the percentage of liquefiable material influences the magnitude of surface deformations. The undrained strength of the clay is varied to further explore how this affects the relationship between deformation and sand percentage.
INTRODUCTION
The potential for liquefaction-induced lateral spreading during earthquakes can be evaluated using a range of analysis methods, from simplified procedures to dynamic numerical simulations. These methods often require the engineer to make simplifying assumptions about the stratigraphy of a site. For example, one-dimensional procedures (e.g., Lateral Displacement Index, LDI, or Liquefaction Potential Index, LPI) inherently assume lateral continuity in stratigraphy, and two-dimensional methods usually assume an idealized cross section with representative uniform properties. These assumptions can become a major source of uncertainty in the estimated deformations where variability in stratigraphy is high.
Variability in stratigraphy may strongly influence the potential for liquefactioninduced lateral spreading, particularly when coarse-grained liquefiable soils are interbedded with fine-grained non-liquefiable soils. For example, the extent and continuity of liquefiable soils may be limited in a fluvial deposit containing coarsegrained channel deposits incised into finer-grained overbank deposits of clay and plastic silt. This paper examines the effect of spatial variability on lateral spreading in a deposit of interbedded sand and clay using nonlinear deformation analyses. First, fluvial depositional process are briefly described followed by how the variability in these deposits can be represented by a geostatistical model. Details of the numerical modeling approach are discussed and results from nonlinear deformation analyses are used to examine the effect of sand proportion and overbank shear strength on lateral spreading potential. Finally, the implications of the analysis results for practice are discussed.
DEPOSITIONAL ARCHITECTURE OF RIVERS
The depositional architecture of fluvial deposits is dependent on sedimentary processes, including how the movement of stream channels over time produces a structure of interbedded channel and overbank deposits (Nichols 2009 ). Channel deposits are typically composed mostly of coarse-grained sediments which are carried by the channel flow and subsequently deposited within the boundaries of the river channel. Rivers tend to migrate laterally over time, eroding away at one bank while simultaneously depositing sediment near the opposite bank. For example, in a meandering river this causes characteristic point bars to form on the inside of meander loops (Figure 1 ). Fine-grained overbank deposits are formed when the river overflows its channel during flood events and deposits the suspended load, consisting of mostly clay and silt, on the floodplain.
An understanding of fluvial processes and how they affect channel and overbank deposits can help inform the interpretation of expected depositional architecture. The geometry and distribution of channel deposits are products of these processes. Lateral channel migration widens channel deposits. In flood, seismic, or other events, the river may abandon its channel and form a new channel (termed avulsion), leaving the old channel to be covered by sediment during later flood events. Significant lateral migration and/or a low rate of avulsion can lead to the formation of wide channels and channel deposits. The thickness of a channel deposit is related to the depth of the river that formed it. The overall proportion of channel deposits is related to the rate of river aggradation, that is, buildup of sediment from flooding on the alluvial plain. In rivers with a high sediment supply, frequent flooding will cause a buildup of overbank deposits, resulting in an overall high proportion of overbank to channel deposits (Nichols 2009 ).
MODEL TO REPRESENT SPATIAL VARIABILITY
A geostatistical model was developed for producing 2-D stratigraphic realizations which were consistent with the architecture of fluvial deposits and could be used as inputs to the nonlinear deformation analyses discussed in the next section. The concept of transition probability was used, since transition probabilities have been previously used to capture geologic ordering associated with fluvial environments (e.g., Weissmann et al 1999) . Transition probabilities work by characterizing a categorical spatial system by the probabilities of transition between categories at two separate points as a function of the lag distance between the points. Here, a twocategory model is used consisting of channel deposits (i.e., sand) and overbank deposits (i.e., clay). Figure 2 displays a matrix of transition probability models for a two-category system of sand and clay known as transiograms. The diagonal transiograms are called autocorrelations because they describe relationships of each category with itself, while the off-diagonal transiograms, called cross-correlations, show relationships between two different categories. For example, the top left transiogram shows the probabilities of transition from clay to clay, while the bottom left shows the probability of transition from sand to clay. Although a transition probability matrix such as the one shown in Figure 2 describes the characteristics of a deposit in one dimension, multi-dimensional stratigraphy can be represented by defining a transition probability matrix for each orthogonal direction (e.g., Carle 1999).
The transition probability relationships for a two-category system in two dimensions are fully defined by three parameters: the overall proportion of sand, and the mean lengths of sand inclusions in the y-(cross-channel) and z-(vertical) directions (hereby referred to as l y and l z respectively). The mean length is simply the average length of sand inclusions along the specified direction. This framework is useful as it corresponds well to the main characteristics of fluvial architecture.
For the problem of lateral spreading, deformations often occur towards the free face of an active stream channel; thus in all models and analyses in this paper, the twodimensional geologic profiles are assumed to be perpendicular to the overall direction of stream flow.
The proportion and mean length for each soil type determine the shape of the transition probability matrix, as illustrated in Figure 2 . In the autocorrelation transiogram for sand ( Figure 2 , bottom right), the asymptotic value of transition probability at large lag distance represents the overall percentage of sand. In that same plot, the mean length (in this case, l y ) is the inverse of the transition rate (slope at zero lag distance). Any one transiogram fully defines the other three in the matrix because the system defined has only two categories.
Spatially variable geologic simulations were produced using transiograms and the Transition Probability Geostatistical Software (T-PROGS) (Carle 1999) for different proportions of sand and clay. An unconditioned sequential indicator simulation kriging approach was used to produce unique realizations of interbedded sand and clay. 
NUMERICAL MODEL
The numerical platform FLAC (Fast Lagrangian Analysis of Continua, Itasca 2011) was used to simulate liquefaction-induced lateral spreading in the geologic profiles generated by T-PROGS. FLAC is a two-dimensional explicit finite difference software and was chosen due to its ability to simulate coupled mechanical and fluid interactions such as liquefaction. The model herein uses an infinite slope geometry to simplify the problem, recognizing that lateral spreading traditionally involves ground movement towards a free face such as an open river channel. This was accomplished by attaching each grid point on the left side of the model to the corresponding one on the right side. A representative model (including overall dimensions) from one of the analyses is shown in Figure 3 . The model has three layers: a non-liquefiable crust (top), an elastic base representing bedrock (bottom), and an alluvium layer comprised of T-PROGS realizations of sand "channel" and clay "overbank" deposits. The 36-mwide, 6-m-thick alluvium layer consists of individual elements that are 20 cm high by 40 cm wide. The entire slope is inclined at an angle of 4 degrees and the ground water table is 1.5 m below the upper crust surface.
The alluvium layer was modeled using the PM4Sand constitutive model for sand elements (Boulanger and Ziotopoulou 2015) where (N 1 ) 60cs is the SPT N-value corrected to 60% hammer efficiency, normalized to 1-atm overburden stress, and adjusted to an equivalent clean sand value for use in a liquefaction triggering correlation. The contraction rate parameter (h po ) was calibrated for the selected properties using single element simulations as described by Boulanger and Ziotopoulou 2015.
Sand elements were assigned a uniform (N 1 ) 60cs value of 15 while clay elements were assigned a uniform undrained shear strength (S u with φ = 0°) which was varied between analyses. The clay was also assumed to have a uniform G max /S u ratio of 1000 (Weiler 1988 ) and a modulus reduction ratio G/G max of 0.6; this yields an overall G/S u ratio of 600. Isotropic hydraulic conductivity values of 1.0×10 -5 and 1.0×10
-7 m/s were assigned to the sand and clay, respectively (Powrie 2014) . Properties and characteristics of the crust layer were the same as for the clay within the alluvium layer, except that in all analyses the crust had a uniform S u of 100 kPa. A high crust shear strength was chosen so that the majority of deformations would occur in the underlying alluvium, as would be expected at a lateral spreading site with a strong, desiccated crust layer.
Seismic loading was simulated by applying a ground motion to the base of the model. The ground motion used was the fault-normal component of the 1999 M w 7.1 Duzce, Turkey earthquake Mudurnu station recording scaled to a peak ground acceleration of 0.4 g. The model used the quiet boundary feature of FLAC, which is based on Lysmer and Kuhlemeyer (1969) , with the outcrop input motion applied as a shear stress time series along the base to produce wave propagation perpendicular to the slope. Numerical analyses were performed in two stages: static and dynamic. In the static stage, stresses and pore pressures were established throughout the model. At the end of this stage, ground water flows from left to right and parallel to the slope on average. In the dynamic stage, the ground motion is applied to the base of the model. Groundwater flow calculations are turned off in this stage so that conditions are fully undrained; this reduced computation times and simplified the parametric analyses. Additional tests showed that this condition yields almost no difference in surface displacement results during shaking compared to analyses performed with groundwater flow turned on.
RESULTS AND OBSERVATIONS

Effect of sand proportion
Simulations were performed for various sand proportions (0, 20, 40, 60, and 100% sand) in order to investigate how the percentage of liquefiable material influences the magnitude of deformations. Three stratigraphic realizations were used for each case. The mean lengths l y and l z were constant at 3 m and 0.5 m, respectively. The response parameter considered was the average displacement of the ground surface measured parallel to the slope.
The average lateral surface displacement as a function of percent sand is presented in Figure 4 . Each point in the figure represents an average displacement value from one simulation. The displacement increases linearly with percent sand above an apparent threshold value of about 20% sand. These results can be investigated further by examining shear strain contours from the analyses as shown in Figure 5 . The contours show that the development of lateral spreading displacements is related to connectivity of sand inclusions. In the profile with 20% sand, low connectivity resulted in the development of shear strains in the liquefied sand being limited by the surrounding non-liquefiable clay. However with increasing sand content, there is greater connectivity between inclusions and hence a greater number of paths across the alluvium through which significant shear strains can develop. Connectivity does not necessarily require sand inclusions to be directly connected. Rather, the term is used to refer to the general amount of non-liquefiable clay separating sand inclusions. In this sense, a profile that has a distribution of sand inclusions separated by relatively large regions of clay would have "low connectivity". In such a case, any deformation path across the profile would need to pass through a significant amount of clay.
Effect of undrained strength of clay
The undrained shear strength of the clay will influence the relationship between lateral displacement and percent sand because deformation paths through the alluvium must pass through clay deposits. To examine this, additional simulations were performed for clay undrained strength values between 20 and 120 kPa.
The clay strength affects both the lateral displacement magnitude and the rate at which lateral displacements increase with sand content (Figure 6 ). Increasing the clay strength increases the clay's overall influence on lateral displacements. For example, consider the cases with S u = 40 kPa and 80 kPa. In both cases, clay behavior controls slope deformations for 20% sand (i.e., displacements are about the same with 0% or 20% sand). Increasing the percent sand to 40% causes lateral displacement to increase by about 0.25 m for the S u = 40 kPa case and by about 0.15 m for the S u = 80 kPa case; the greater S u means the clay has a greater capacity to resist overall deformation. The influence of clay strength is further illustrated in a comparison of shear strain contours for these two cases (Figure 7 ). In the S u = 40 kPa case, deformations connect through sand inclusions by yielding of the clay, whereas in the S u = 80 kPa case, the clay is more effective at preventing the development of connected shear zones.
DISCUSSION
The results presented herein highlight possible shortcomings of 1-D procedures for estimating lateral spreading displacements which implicitly assume lateral continuity of strata and properties. Specifically, 1-D procedures do not consider that the presence and strength of non-liquefiable materials around sand inclusions can affect lateral displacement. Instead, they inherently assume that sand inclusions encountered in a single boring are laterally continuous and therefore that development of strains and displacements during liquefaction would be independent of the shear strength of any surrounding non-liquefiable deposits. The results shown in Figure 6 illustrate that this is unlikely to be the case in fluvial environments where channel deposits are often discontinuous. This has strong practical implications for engineering projects. For example, performing a 1-D procedure on a boring that contains 20% potentially liquefiable material would likely yield some non-trivial displacement estimate; however this study shows that the magnitude of displacement may be no more than would be expected in a profile with no liquefiable material if the connectivity of sand inclusions is low.
Lateral spreading in interbedded alluvial deposits will be dependent on many other parameters and characteristics in addition to those investigated in this paper. These include: relative density and fines content of the liquefiable sand, mean lengths of the liquefiable sand deposits in three dimensions, spatial variability in the distributions of properties within the sand and clay deposits, geometrical characteristics of the site (e.g., thickness of alluvium layer, overburden stress or non-liquefiable crust thickness, ground slope, height of the free face), ground motion characteristics, and other parameters. Additional work is underway to investigate the effects of some of these other parameters.
CONCLUSIONS
The effect of spatial variability on lateral spreading in deposits of interbedded sand and clay was investigated using geostatistical realizations and nonlinear deformation analyses of a gently sloping site. The realizations were generated using the program T-PROGS (Carle 1999) , which uses transition probability geostatistics to capture spatial trends in categorical systems and simulate geologic profiles that maintain these spatial trends. The nonlinear deformation analyses were performed using the platform FLAC (Itasca 2011) with the user-defined constitutive model PM4Sand (Boulanger and Ziotopoulou 2015) . Results of the numerical analyses showed that:
• Clay strength controls overall behavior and lateral displacements of the ground surface when the sand proportion was low (below a threshold of about 20%).
• As the sand proportion increases above the threshold, behavior becomes increasingly affected by the sand deposits and larger displacements occur. The trends appear related to the connectivity of the sand inclusions and the shear strength of the clay. • Higher clay strength enables the clay portion of the model to have a greater influence on the lateral displacement (particularly below about 60% sand where connectivity is limited) because it is able to provide greater resistance against lateral deformation.
The results of these simulations highlight possible shortcomings of one-dimensional lateral displacement procedures which are widely used in practice.
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